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! .  INTRODUCTION 


I  hermal  marking  is  a  technique  tor  missile  guidance  which  uses  a  high  energv  laser.  This 
technique  employs  the  laser  to  create  a  hot  spot  on  the  target,  w  hich  may  be  a  tank,  an  armored 
personnel  carrier,  a  self-propelled  artille-  y  piece,  etc.  The  hot  spot  emits  thermal  energy  during 
irradiation  by  the  laser  and  continues  to  emit  for  some  lime  after  the  laser  is  turned  off.  w  hile 
the  spot  is  cooling  down.  Conventional  missile  seekers  can  lock  onto  this  radiant  energy  so 
long  as  its  intensity  is  above  a  certain  threshold  level.  As  the  hot  spot  cools  down  the  emitted 
energv  falls  off,  but  this  may  be  compensated  for  by  the  closing  in  of  the  missile  in  flight. 
Whether  or  not  this  compensation  is  sufficient  to  maintain  lockon  depends  on  the  speed  of  the 
missile,  the  type  of  seeker,  atmospheric  conditions,  emissivity  of  the  target,  intensity  of  the 
laser  beam,  its  angle  of  incidence  on  the  target,  and  the  length  of  irradiation  by  the  laser. 

I  he  rates  of  heating  and  cooling  of  laser  heated  targets  were  investigated  experimentally  by 
Hoi!  and  McClusky  [  1 1  in  1971.  These  experiments,  however,  were  performed  with  a  low 
energy  laser  on  sheet  lead.  Nevertheless  the  results  were  useful  in  showing  the  shape  of  the 
isotherms  during  the  heating  and  cooling  cycles.  Kast  [2]  investigated  theoretically  the  thermal 
marking  process  using  a  high  energy  laser.  He  developed  a  computer  code  for  this  purpose  but 
the  number  of  variables  investigated  was  limited.  Wachsand  Jenkins  [3]  irradiated  a  thick  (six 
inches)  steel  slab  with  a  high  energy  laser  and  determined  the  isotherm  contours  and  the 
heating  and  cooling  rates.  They  also  determined  the  capability  of  operational  seekers  to  lock 
onto  a  hot  spot.  All  of  these  investigations  were  of  a  preliminary  nature,  but  showed  that  the 
thermal  marking  concept  possessed  some  feasibility.  A  more  extensive  examination  of  this 
feasibility  has  been  undertaken  in  the  present  theoretical  work. 

2.  THE  MODEL 

I  he  system  model  is  shown  in  Figure  I.  This  illustration  shows  a  tank  as  the  target  at  the  left. 
At  the  right,  a  high  energy  laser  is  irradiating  the  target  to  form  a  hot  spot  which  in  turn  emits 
energy.  The  wavelength  of  the  laser  energy  for  the  purposes  of  this  analysis  was  chosen  to  be 
10.6  ^m.  while  the  emitted  energy  is  of  course  a  spectrum  of  wavelengths  as  given  by  Planck’s 
l  aw.  In  the  vicinity  of  the  laser  stands  a  missile  equipped  with  a  typical  modern  seeker.  This 
seeker  has  a  minimum  threshold  value  for  the  energy  which  it  can  detect  radiating  from  the  hot 
spot,  and  this  energy  must  lie  between  two  sharply  defined  limits  of  wavelength.  The  intensity 
of  the  radiation  from  the  hot  spot  varies  directionally  according  to  Lambert's  Law  and 
inversely  as  the  square  of  the  distance  from  the  source.  To  illustrate,  the  arc  moving  a  way  from 
the  tank  in  Figure  I  is  an  imaginary  surface  or  envelope  where  the  radiant  energy  from  the  hot 
spot  is  just  that  necessary  for  the  seeker  to  be  able  to  lock  onto  the  target.  As  the  temperature 
of  the  hot  spot  increases,  this  envelope  recedes  still  further  from  the  target. 
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At  the  instant  of  loekon.  as  shown  in  Figure  /.  the  missile  is  tired,  but  the  laser  is  not  shut  off. 
allowing  the  enxelope  to  reeede  well  behind  the  missile.  At  the  point  shown  in  Figure  2  the 

laser  is  cut  off.  but  the  missile  has  been  in  flight  for  a  period  of  about  one  second,  placing  it  well  ] 

w  ithin  the  minimum  energy  envelope.  This  "head-start"  of  the  missile  is  necessary  because  the 

envelope  collapses  very  rapidly  -  much  faster  than  the  velocity  of  the  missile  -  for  the  first  1 

second  or  so  after  the  laser  is  turned  off.  At  the  “critical  point",  as  shown  in  Figure  3.  the  , 

minimum  energy  envelope  has  caught  up  with  the  missile,  but  has  not  passed  it.  From  this  i 

point  on.  the  collapse  of  the  envelope  has  slowed  dow  n  sufficiently  so  that  the  missile  is  able  to  , 

stay  ahead  of  it.  Figure  4  shows  the  collapsing  envelope  well  behind  the  missile  at  the  moment 
of  impact. 

3.  BASIC  EQUATIONS 

l  o  get  the  surface  temperatures  within  the  hot  spot  and  its  surrounding  area  and  the 
temperature  profile  into  the  target,  a  finite-difference  computer  program  was  written.  The 
program  considered  heat  losses  from  the  surface  by  conduction  to  the  interior,  by  lateral 
conduction,  and  by  radiation.  Heat  losses  by  natural  convection  were  insignificant  and 
ignored.  The  backside  temperature  was  also  calculated.  The  central  temperature  of  the  hot 
spot  was  then  used  to  calculate  the  range  from  the  target  to  the  envelope  of  minimum  energy 
required  for  loekon.  Referring  to  Figure  5 ,  there  is  a  heat-seeking  missile  approaching  a  hot 
spot.  Lambert’s  cosine  law  states  that  the  energy  per  unit  of  time  (dQi),  radiated  from  an 
element  of  area  in  the  hot  spot  (dAi),  into  the  solid  angle  sin£  d£  df  will  be 

dQl  =  (  *T-  cosC 

where  a  is  the  Stefan  -  Boltzmann  constant  and  T  is  the  temperature  of  the  hot  spot.  Of  this 
amount,  the  fraction  intercepted  by  dA2,  an  element  of  area  on  the  sensor,  is 

dAj  cos8  (2) 

R2  sins  ds  d£ 


^  dA^  sins  dS  d£  , 


where  R  is  the  missile-target  distance.  The  quantity  of  energy  per  unit  time  impinging  on  the 
element  dA2  is  therefore  the  product  of  (I)  and  (2). 


dQ, 


O  T 


coss  cos 6 


dAx  dA2 


(3) 


4 


W  r 


We  mas  presume  (hat  the  sensor  will  always  alien  the  missile  along  the  path  R  so  that  cos 0  = 
I  Also,  the  energy  flux  falling  on  the  sensor  from  the  entire  hot  spot  is  that  described  by  ( 3 )  it 
one  integrates  oxer  the  xxhole  hot  spot  area  I  hits  (3i  becomes 


cosg 


(4 1 


But  the  integral  in  (4)  is  simply  the  area  of  the  hot  spot  w  hich.  if  the  laser  is  in  the  x  icinity  of  the 

- i -  - — — —  where  D  is  the  diameter  of  the 

cost;  4 

laser  beam. 


missile,  is  an  ellipse  xxiih  an  area  of 


Substituting.  (4)  becomes 


a  T4D2 


4R 


(5) 


liquation  (5)  describes  the  energy  flux  impinging  on  the  sensor,  but  this  element  cannot  "see" 
all  of  it.  The  sensor  functions  on  only  a  fraction  of  the  total  spectrum  lying  between  two 
specified  wavelengths  of  K  i,  and  A;.  Plank’s  distribution  law  gives  the  amount  of  energy  seen  as 


q,  =  2ttc  h 


dA 


X5(ech/XK^l) 


(6) 


Where  c  is  the  speed  of  light,  h  is  Planck’s  constant  and  k  is  the  Boltzmann  constant.  The 

4a 

fraction  of  the  total  spectrum  seen  is  then  ~ oT^4  *  finally,  the  hot  spot  is  not  a  black 

body,  but  has  the  emissivity  t.  When  the  above  expressions  are  placed  in  (5)  and  the  result  is 
solved  for  R  the  equation  is 


R 


2  2 

trC  nD  e _ 

2 • 107 (dQ2/dA2) 


dA _ 

(ech/AKT1) 


(7) 


Equation  (7)  gives  the  range,  or  distance  from  the  hot  spot,  of  the  missile  when  it  is  receiving  an 
arbitrary  energy  flux  of  dQ2/dA2.  If  dQ2/DA2  is  chosen  to  be  the  minimum  for  which  the 
seeker  will  operate,  then  (7)  gives  the  maximum' range  for  lockon.  The  factor  107  in  the 
denominator  of  (7)  makes  the  equation  dimensionally  correct  if  h  is  given  in  erg  sec  and 
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dQ;  dA.  is  gi\en  in  walls  cm  \  As  stated,  the  tinite-difference  portion  of  the  computer 
program  supplied  the  \alue  lor  I ,  as  a  function  ol  laser  power,  beam  diameter,  angle  of 
incidence,  attenuation  by  weather,  length  ol  irradiation,  and  absorptivity  of  the  incident 
energy.  In  all  cases,  the  laser  was  presumed  to  be  in  the  vicinity  ol  the  launchei. 

4.  DETERMINATION  OF  MAXIMUM  MISSILE  RANGE  AND 
FORGET  TIME 

Values  of  I  were  computed  and  from  these  were  obtained  values  for  R  which  were  plotted 
against  time,  as  in  Figure  6.  What  might  be  a  typical  value  for  modern  seekers.  dQ.  d  V  was 
chosen  to  be  2.7X10  "  watts  cm  times  the  Mgnal-to-noise  ratio.  In  the  example  shown  in 
Figure  6.  the  solid  line  is  the  location  from  the  target  in  meters  ol  the  minimum  eneigv 
envelope.  I  he  missile  must  stay  as  close,  or  closer  to  the  target  than  this  envelope  at  all  parts  ol 
its  flight  in  order  to  maintain  loekon.  \  missile  on  a  launcher  1550  meters  from  the  target 
senses  the  energy  after  the  laser  has  irtadiated  the  target  for  3.9  seconds,  and  is  immediately 
launched  from  point  A.  At  live  seconds  the  laser  is  turned  off  and  the  missile  is  now  1340 
meters  from  the  target.  At  six  seconds  (or  one  second  after  laser  cutoff  l  the  minimum  energy 
envelope  has  caught  up  with  the  missile  at  I  100  meters  from  the  target  (the  critical  point). 
From  here  on.  the  missile  is  faster  than  the  collapsing  envelope  and  it  impacts  the  target  at  H. 
after  a  total  of  7.9  seconds  for  the  entire  operation.  I  o  get  the  maximum  missile  ranges,  such 
graphs  were  drawn  for  every  combination  of  variables. 

It  can  be  seen  that,  once  the  laser  has  been  shut  off.  the  system  has  fire-and-lorget 
capabilities.  In  the  example  of  Figure  6.  the  time  between  live  seconds  (the  laser  cut  oil  land  7  9 
seconds  (the  point  of  impact),  the  system  requires  no  attention.  In  regard  to  this  lire-and- 
lorget  capability  a  trade-off  can  and  must  be  made  between  a  system  giving  maximum  range, 
or  one  giving  maximum  forget  time.  I  he  present  analy  sis  gives  maximum  range,  w  hich  results 
from  a  system  that  fires  the  missile  at  the  moment  of  loekon.  about  a  second  or  so  belore  the 
laser  is  turned  off.  The  forget  time  is  therefore  shortened  about  a  second  less  than  maximum, 
which  would  be  the  full  flight  time  of  the  missile.  A  different  approach  is  that  of  Kast  1 2 1  who 
maximized  forget  time  at  the  expense  of  range  by  firing  the  missile  at  the  moment  of  laser 
cutoff.  Returning  to  Figure  6  the  dotted  line  shows  the  path  of  such  a  system.  Using  the  flight 
path  of  the  same  missile  as  that  launched  at  A.  the  missile  is  now  launched  at  C.  the  moment 
the  laser  is  cut  off.  This  missile  must  be  placed  no  farther  from  the  target  than  1260  meters  in 
order  to  stay  within  the  minimum  energy  envelope  at  the  critical  point.  It  impacts  the  target  at 
D,  8.6  seconds  after  the  laser  was  turned  on.  Thus  the  forget  time  has  been  increased  from  2  9 
seconds  to  3.6  seconds,  but  the  maximum  range  has  been  reduced  from  1550  meters  to  1260 
meters. 
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1  si  nu  a  procedure  w  Inch  um.s  maximum  missile  range,  typical  lot  gel  times  are  ill  list  latcil  in 
/  igun  7.  I  he  bars  labeled  "burn"or  "burn  time”  represent  the  time  that  the  laser  irradiates  the 
target  I  here  is  some  merlappmg  with  the  (light  time.  I  he  difference  between  the  end  <>l  the 
bum  time  and  the  end  ol  the  flight  time  is  the  lorget  time. 

5.  RESULTS 

l  iu  all  eases  an  ahsorptn  it \  ol  0.5  was  used  in  calculating  the  temperature  ol  the  hot  spot, 
that  is.  50  percent  ol  the  laser  energy  was  estimated  to  be  absorbed  by  the  target  and  the 
remainder  reflected,  l  ikewise  the  emissis  ity  ol  the  hot  spot  in  all  cases  was  estimated  to  be  0.5. 

I  liese  \alues  are  known  to  change  somewhat  with  temperature,  hut  for  the  purposes  ol  this 
a  Italy  sis  they  were  assumed  to  be  constant.  I  he  laser  beam  si/e  in  all  eases  was  taken  to  be  5  cm 
in  diameter.  I  he  incident  laser  flux  was  presumed  to  be  a  step  I  unction  w  here  65.21  percent  ol 
the  energy  fell  uniformly  within  the  nominal  spot  diameter  and  the  balance  fell  outside  this, 
hut  uniformly  within  two  diameters.  1  he  traction  0.6321  is  of  course  the  height  ol  a  step 
function  w  hich  forms  a  cy  lindrical  volume  equal  to  the  volume  under  a  Gaussian  surface  and 
within  the  same  nominal  diameter  as  the  cylinder.  A  step  function  was  used  rather  than  a 
Gaussian  distribution  because  it  was  felt  that  this  represented  the  actual  case  better. 
Experimental  evidence  has  shown  the  flux  peak  to  wander  about,  so  that  the  time-averaged 
flux  is  not  (iaussian.  The  target  was  assumed  to  be  steel  with  a  thickness  of  three  inches  and  an 
initial  temperature  of  0  degrees  Centigrade.  Other  variables  are  given  on  the  individual 
illustrations. 

As  stated,  for  this  analysis  a  minimum  threshold  energy  value  which  would  permit  the 
seeker  to  function  was  chosen  to  be  2.7X10  11  watts  cm  \  The  seeker  would  havea  noisevalue 
equivalent  to  this  strength  of  signal,  so  a  signal  of  this  strength  might  be  discernible,  but  not 
necessarily  strong  enough  to  maintain  lockon.  A  higher  specified  minimum  signal-to-noise 
ratio  must  therefore  be  chosen  to  reliably  maintain  lockon.  I  he  signal-to-noise  ratio  times 
2.7X10  11  is  therefore  the  minimum  energy  level  used  for  dQ:  dA:  in  Equation  (7).  Figure  ft 
shows  the  effect  of  signal-to-noise  ratio  on  the  maximum  missile  range.  Also  in  this  figure  the 
dashed  lines  show  the  maximum  range  for  sensing  a  hot  M60  tank  without  the  benefit  ol 
thermal  marking.  By  a  “hot”  tank  is  meant  one  which  has  had  the  engine  running  for  an 
extended  period  of  time.  A  "suppressed”  tank  is  one  which  has  had  the  engine  compartment 
and  other  hot  areas  modified  so  as  to  shield  the  emission  of  thermal  energy.  By  experience, 
signal-to-noise  ratios  of  less  than  five  do  not  appear  practical,  so  the  majority  of  calculations 
were  performed  using  this  value.  In  Figure  V  the  forget  time  for  a  suppressed  or  unsuppressed 
tank  not  using  thermal  marking  is  simply  the  flight  time  of  the  missile,  since  no  laser  operation 
is  involved.  Crossing  the  dashed  lines  in  Figure  Visa  short  dividing  line  which  marks  the  forget 
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i  i  ;ik  in:  tin.  ma  \  i  mu  m  .1  v  .tiL:  hk  i  ,iugc  I .  u  i  m--  ■>  \  stem  1 1  ^  i  n  u  a  '>upres>ed  hot  tank  wit  ho  nt  the 
iiiikIi1  ol  ihcim.il  inaikiiiu.  Itevond  thi'  on  the  duvic.  lines  aie  the  lorgct  times  loi  an 
mis ii  js j i ;  e'  sa!  hoi  tank  i  he  solid  lines  a i e.  ot  eout  -e.  the  I o reel  times  using  thermal  mat  king 

oil  a  no!  i  a  li  k 


In  /'/..  hit  In  the  elleel  ol  angle  ol  incidence  is  shown.  I  he  solid  lines  indicate  the  advantage 
I  hat  can  he  gamed  it  one  aims  the  laser  normal  to  a  target  surface.  II  the  orientation  of  the 
'in  lace  cannot  be  determined.  50  degrees  can  be  used  as  an  “average"  angle  ol  incidence  I  his 
is  because  the  hounded  surface  area  of  a  hemisphere  intersected  b\  a  central  cone  ot  101 
degrees  1 50.5  degrees  either  side  of  normal  i  is  equal  to  the  hemispherical  area  Iv  ing  outside  the 
cone.  I  bus  a  random  laser  shot  at  an  unknown  orientation  has  an  equal  chance  ol  tailing 
inside  in  outside  such  a  cone.  It  mat  be  presumed  that  it  the  target  is  visible,  the  angle  ot 
incidence  w  ill  be  better  than  average,  and.  for  most  ol  the  calculations  in  this  studv.  an  angle  ol 
incidence  of  50  degrees  was  used.  I  he  curve  lor  normal  angle  ol  incidence  ends  at  a  lasci 
madiation  time  of  eight  seconds  because  the  target  absorbed  enough  energy  undci  these 
conditions  to  start  melting  the  steel.  It  is  not  profitable  to  continue  irradiating  the  target  alto 
melting  begins  as  the  surface  temperature  will  not  appreciable  increase  and  theietoie  the 
ma  \  imum  tracking  range  will  not  increase.  /'inure  II  gives  the  forget  limes  tor  various  angles 
ol  incidence  as  shown  by  the  solid  lines.  The  dashed  line  is  again  the  lorget  tune  lot  a 
suppressed  and  unsuppressed  hot  tank  without  the  benefit  of  thermal  marking  In  this  case, 
there  is  no  angle  of  incidence  since  no  laser  beam  is  involved. 

/■'inure  12  gives  the  effect  of  atmospheric  conditions  on  the  maximum  range.  I  hrec  tv  pcs  ot 
conditions  were  examined,  clear,  ha/y.  and  very  ha/y.  These  were  defined  by  v  isibilities  ol  25 
km,  8  km.  and  5  km  respectively.  Atmospheric  conditions  attenuated  both  the  laser  beam  and 
the  emitted  energy  from  the  hot  spot  but  by  different  amounts  because  of  the  difference  in 
wavelengths.  Most  ol  the  calculations  were  performed  using  a  ha/y  atmosphere,  //gore  1.1 
shows  the  effects  of  atmospheric  conditions  on  forget  time  and  also  the  expected  forget  times 
using  the  same  missile  and  sensor  on  a  hot  tank,  without  the  benefit  of  thermal  marking. 
/inures  14  and  15  show  the  effects  of  irradiation  times  at  various  laser  power  levels  on  the 
maximum  range  and  forget  times  respectively,  Figure  16  gives  the  same  information  as  Figure 
14  but  it  is  plotted  in  a  more  usable  form.  It  can  be  readily  seen  from  Figure  16  that  to  fire  a 
missile  from  1600  meters,  the  following  options  are  available:  10  seconds  of  irradiation  at 
54kW;  9  seconds  at  36kW;  8  seconds  at  38kW;  7  seconds  at  40kW;  6  seconds  at  44kW;  5 
seconds  at  49kW;  4  seconds  at  57kW;  or  3  seconds  at  about  69kW. 

The  effect  of  different  seekers  was  briefly  explored.  Using  the  same  missile  flight 
characteristics,  the  seeker  wavelength  band  or  window  was  moved  from  5-5.8  n  down  to 
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1  i  ,s  gi  ui  M;  ps  ul  *  ik  in ic i  on.  I  lie  i cm; Its  .1 ! i;  show  n  ill  /  ici/n  /  ~  I  he  sigml leant  uhsei  v atom 
ti  mn  this  ill  list  union  is  this  II  one  keeps  the  u  rail  in  t  inn  1 1  me  short.  i  e  .  two  seen  nils,  then  the 
4-4  N  t,  hand  will  give  maximum  ranee  lluwcvct.  tm  the  longer  irradiation  tunes,  like  In 
siemids.  the  2-2  S  ^  baud  is  the  npiumini  wavelength 

I  mallv.  a  hint  investigation  was  made  into  the  elleet  ol  using  thermal  maikine  as  a 
stipple  men!  to  the  radiation  I  rum  a  hot  N1  -hi)  tank  -  both  suppressed  and  unsuppressed.  While 
,i  shekel  ol  the  ly  pe  useei  in  tins  st  udy  would  lock  on  to  a  hot  tank  tone  w  hose  engine  h  s  been 
tunning  toi  a  prolonged  period  i.  the  loekon  was  improved  il  assisted  b\  thermal  mar  king  \ 
10  seeond  irradiation  time  at  50.000  watts  increased  the  maximum  available  range  5b  peteent 
Im  i he  unsuppressed  tank  and  the  same  conditions  on  a  suppressed  tank  increased  the 
maximum  range  I  15  percent  I  lie  results  ate  given  in  l  i^urc  IS. 

(1  (  ()\(  I  I'SIONS 

\  It  is  leasible  to  mark  a  cold  tank  or  other  armored  target  with  a  higheneigv  laset  and 
Hack  mi  the  hot  spot  alter  the  laser  has  been  turned  oil. 

It  l  ora  supersonic  missile  with  a  modern  seeker,  the  maximum  range  is  in  the  v icinitv  ol 
2000  meters,  limited  by  the  melting  point  ol  steel. 

(  I  he  system  provides  lorget  limes  in  the  vicinity  of  three  seconds. 

I )  W  eather  has  an  appreciable  elleet.  I  he  above  conclusions  arc  based  on  a  visibility  ot 
eight  kilometers.  I'nusually  clear  or  unusually  lia/y  days  allect  the  maximum  range  by  20 
percent. 

I  Incicasing  laser  power  does  not  increase  the  maximum  range  of  the  system,  but 
decreases  the  necessary  irradiation  time  to  achieve  maximum  range. 

I  II  an  irradiation  time  of  five  seconds  can  be  tolerated,  a  laser  power  of  70.000  watts  w  ill 
give  the  maximum  range  of  2000  meters. 

( i  I  he  sy  stem  can  be  used  to  adv  antage  on  hot  tanks  by  supplementing  the  radiation.  The 
advantage  can  be  as  much  as  700  meters  for  an  unsuppressed  tank,  and  1200  meters  for  a 
suppressed  tank,  using  50.000  watts  in  a  5  cm  beam. 

H.  Ways  to  increase  the  range  would  be: 
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•  Develop  mains  to  operate  reliabh  at  a  signal-to-noise  ratio  ot  I. 

•  Increase  the  speed  ol  the  missile. 

•  I  sc  a  seeker  with  a  \er\  wide  hand  width. 

•  If  lone  irradiation  times  are  anticipated,  use  a  seeker  w hich  operates  in  the  vtctniK  ol 
two  n m. 
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missile  approachi 


SIGNAL-TO-NOISE 
5CM  SPOT  50kWs 
ABSORPTIVITY  0.5 
SEEKER/.  4-4.8, j 
HAZY  WEATHER 


Figure  7.  Fire-and-forget  capability. 


Figure  9.  Effect  of  signal-to-noise  ratio  on  forget  time. 


SO, 000  W  SCM  SPOT 

SIGNAL-TO-NOISE  RATIO  =  5  TARGET  MELTS 

SEEKER  X  =  4-4.8  n  / 


Figure  10.  Effect  of  the  angle  of  incidence  on  maximum  range. 


50,000  W  5CM  SPOT 
ABSORPTIVITY  =  .£ 


Figure  11.  Effect  of  angle  of  incidence  on  forget  time. 


TARGET  MELTS 


Figure  12.  Effect  of  weather  on  maximum  range, 


Figure  14.  Effect  of  irradiation  times  at  various  power  levels-maximum  range. 
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Figure  15.  Effect  of  irradiation  times  at  various  power  levels  •  forget  time. 
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Figure  18.  Effect  of  supplementing  the  signal  from  a  hot  tank. 
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